Visual field testing is an important endpoint in glaucoma clinical trials, and the testing paradigm used can have a significant impact on the sample size requirements. To investigate this, this study included 353 eyes of 247 glaucoma patients seen over a 3-year period to extract real-world visual field rates of change and variability estimates to provide sample size estimates from computer simulations. The clinical trial scenario assumed that a new treatment was added to one of two groups that were both under routine clinical care, with various treatment effects examined. Three different visual field testing paradigms were evaluated: a) evenly spaced testing, b) United Kingdom Glaucoma Treatment Study (UKGTS) follow-up scheme, which adds clustered tests at the beginning and end of follow-up in addition to evenly spaced testing, and c) clustered testing paradigm, with clusters of tests at the beginning and end of the trial period and two intermediary visits. The sample size requirements were reduced by 17-19% and 39-40% using the UKGTS and clustered testing paradigms, respectively, when compared to the evenly spaced approach. These findings highlight how the clustered testing paradigm can substantially reduce sample size requirements and improve the feasibility of future glaucoma clinical trials.
SCiENTiFiC RepoRts | (2018) 8:4889 | DOI:10.1038/s41598-018-23220-w randomized clinical trial designed to evaluate the beneficial effect of latanoprost versus placebo in delaying visual field progression. The testing paradigm of the study consisted of clusters of visual fields at baseline, as well as 18 and 24-months. However, the study also included one regular visual field test at each follow-up visit occurring at approximately 2-3 month intervals 7 . Whilst this paradigm is likely to be an improvement from an evenly spaced approach, the extent to which it would reduce sample size requirements is unknown. Also, as the UKGTS still included burdensome intermediary visits occurring every couple of months, it remains to be determined if using a testing paradigm that includes fewer of those intermediary visits, but which would employ clustering of tests in each one could be beneficial in terms of further reducing sample size requirements and decreasing the number of visits.
The purpose of this study was to evaluate sample size requirements for clinical trials using visual field endpoints using different testing paradigms. We demonstrate that a hybrid paradigm modeled after the "wait-and-see" approach, but modified to include few intermediary visits, is a powerful design for detecting endpoint differences when investigating the effect of new therapies compared to existing standard of care.
Results
Participant Characteristics. A total of 353 eyes from 247 glaucoma participants were included in this study to obtain estimates of rates of change in visual field mean deviation (MD) in a clinically treated population as well as estimates of test-retest visual field variability. The participants were seen over 7.9 ± 2.4 visits (range, 6 to 16 visits) during a 3-year follow-up period. At baseline, they were on average 68.0 ± 10.6 years old (range, 33 to 92 years old), and the median (interquartile range [IQR] ) of MD and PSD for these eyes was −3.43 dB (−7.74 to −1.36 dB) and 3.75 dB (2.32 to 8.65 dB) respectively. The median MD rate of change of the eyes used in the simulations was −0.22 dB/year (IQR = −0.68 to 0.17 dB/year), and distribution of the residuals at four representative MD bins is shown in Fig. 1 . Table 1 shows required sample sizes to identify treatment effects ranging from 20% to 50% for the 3 different visual field testing paradigms. Compared to the conventional evenly spaced testing paradigm, the sample size needed to detect a statistically significant treatment effect was reduced by approximately 17-19% using the UKGTS testing paradigm, but up to 39-40% with the clustered testing paradigm. For instance, a total of 391, 323 and 237 participants would be needed per group to have 90% power to detect a 30% treatment effect in reducing the rate of change when using the evenly spaced, UKGTS and clustered testing paradigms, respectively.
Sample Size Requirements of Different Visual Field Clustering Paradigms.
Detection of Visual Field Progression at the Individual Level. Individuals exhibiting visual field progression typically require clinical management changes, and thus become excluded from the remainder of a trial. It is thus crucial that each testing paradigm can detect visual field progression in a timely manner. The cumulative percentage of eyes identified as having progressed was determined for each testing paradigm and illustrated in Fig. 2 . By the end of the follow-up period, both the UKGTS and clustered testing paradigms detected a greater cumulative number of eyes progressing (30% and 35%, respectively) than the evenly spaced paradigm (25%). More importantly, the cumulative rate of progression was also generally higher during each follow-up visit prior to the end of the trial period for the clustered paradigm than at the same time point with the evenly spaced paradigm. 
Discussion
This study demonstrated that the sample size requirements for a short-term clinical trial were reduced using the UKGTS testing paradigm when compared to a conventional evenly spaced paradigm (by approximately 18%), but even further reduced by the clustered testing paradigm described in this study (by approximately 40%) when between-group trend-based analysis was used as the outcome measure. The reduction in sample size requirements with the clustered paradigm was achieved without compromising its capacity for early detection of visual field progression at the individual level during the follow-up. This clustered testing paradigm therefore provides another method for further improving the feasibility of glaucoma clinical trials using visual field endpoints, including those that seek to evaluate the effect of new neuroprotective treatments [8] [9] [10] [11] . The reduction in sample size requirements with the clustered paradigm described in this study can be attributed to the well-established statistical concept that slope estimates are optimally achieved when the observations are equally allocated at each end of the experimental region, minimizing the variance of the slope estimate 12, 13 . These findings are in agreement with the previous study by Crabb & Garway-Heath 6 . However, clustering of tests only at the baseline and final visits with the previous "wait-and-see" approach could potentially be harmful to some patients included in a trial as there would be only one opportunity to detect progression, at the end of the trial. In fact, when the recent UKGTS incorporated the notion of clustering tests in its follow-up scheme, it ensured that intermediary visits with regular testing were still included 7 . However, if a clustered paradigm could be made such as to preserve the power to detect individual progression over time and reduce sample size requirements with the same number of tests, it could potentially reduce trial costs. In fact, our proposed clustered visual field testing paradigm that required only two intermediary visits detected approximately 40% more eyes as having progressed than the evenly spaced paradigm at matched specificities by the end of a simulated 2-year clinical trial period, whilst reducing sample size requirements by approximately 40% as well. Even by reducing the number of tests at the beginning and end of the trial period from six to four tests to improve its feasibility, the sample size requirements were still lower (being 237 and 304 required per group, respectively, for a 30% treatment effect, for instance), highlighting how cost savings can also be achieved by reducing the total number of visits required.
Note that the clustered testing paradigm performed in this study assumes that visual field tests for each cluster would be performed on separate days within a short timeframe, rather than performing multiple tests on the same day, as we used longitudinal variability estimates in our simulations rather than intrasession estimates. In practical terms, this may look like testing participants several times over a few weeks at the beginning and end of the trial period. Whilst this testing paradigm may appear burdensome, the current evenly spaced testing approach that spreads the same number of tests into testing every 1.5 to 2 months can be considered burdensome as well. Further studies are needed to better understand the patient perspective on this issue, but a compelling reason to favor the clustered testing paradigm from a patient's perspective would be the increased ability to detect visual field progression at the individual level.
Furthermore, note also that our findings should not be interpreted as suggesting that the UKGTS protocol was suboptimal, especially given that the study design was modified after the trial had begun, to extend the trial period from 18 months to 24 months (due to the slower rate of recruitment than initially expected) 7 . As such, the testing paradigm used would likely have been modified and optimized had it been originally designed for a 24-month trial period. Instead, the findings of our study show that a testing paradigm used in a historical clinical trial that includes some level of clustering of visual field tests performs better than an evenly spaced approach, and that it could be improved even further for future trials using the proposed clustered paradigm .
Previous clinical trials in glaucoma have commonly used event-based analysis methods, such as the Guided Progression Analysis, to establish visual field endpoints. Event-based methods provide a binary categorization of whether progression has occurred during the follow-up of a particular eye or individual. The cumulative proportion of eyes showing progression (i.e. reaching the endpoint) with a new drug is then compared to that of the control arm, usually by survival analysis methods. Unfortunately, such approach is very inefficient and results in very large sample size requirements. In our study, we assumed that treatment effects would be evaluated by comparing the overall rate of change between the treatment and control groups, by a trend-based analysis of visual field MD over time using linear mixed effects modeling; similar procedures have been used extensively in clinical trials in other areas of medicine 10, [14] [15] [16] [17] . In a recent study, we demonstrated that this trend-based approach would reduce sample size requirements in glaucoma trials by approximately 85-90% compared to event-based approaches 18 . In this study, we also evaluated treatment efficacy by comparing the rate of visual field progression between two groups assumed to be under routine, conventional glaucoma treatment. Such conventional treatment would, by itself, lower the rate of progression when compared to patients without treatment or under placebo. Therefore, demonstrating a treatment effect in this scenario is substantially more challenging than when comparing a new drug with placebo. That is, it is harder to demonstrate differences when the rates of change in the two groups are already relatively slow to begin with. This is an important consideration when evaluating the reported sample sizes from our analyses. However, it should be emphasized that such comparison would be more applicable for future clinical trials in view of potential ethical concerns that would be raised from proposed placebo-controlled trials in patients with glaucoma.
Another important point to consider when using the sample size estimates provided by this study is to note that the actual estimates will vary depending on the characteristics of the participants included and number of tests performed. For instance, we previously reported that 277 participants would be required per group to detect 30% new treatment effect with 90% power using the between-group trend-based analysis, when a total of 10 tests were performed over a 2-year period (with two tests at baseline and subsequent testing at 3-month intervals) 18 . However, this study found that 394 participants are required per group to also detect a 30% new treatment effect using the evenly spaced testing paradigm, although 16 tests were performed over a 2-year period. This discrepancy is most likely attributed to the difference in the visual field progression rates of the participants included in the two studies (with the median MD rate of change being −0.22 and −0.57 dB/year in this study and our previous study 18 respectively), with sample size requirements being smaller in a cohort with a faster rate of progression 9 . We therefore obtained sample size estimates assuming different median rates of change in a population, illustrating in Fig. 3 the established non-linear relationship between sample size requirements and median rate of MD change.
Note also that the sample size estimates were obtained in this study using longitudinal variability estimates obtained from participants tested at a more conventional clinical follow-up interval (approximately every 6-months) than the testing frequencies evaluated in this study. It is thus possible that participants included in a clinical trial with a higher frequency of testing may become more experienced over time, and thus exhibit a lower extent of measurement variability. As such, the power to detect a significant treatment effect may actually be higher when using the sample size estimates obtained using the longitudinal cohort.
Nonetheless, the findings in this study builds upon the work in our previous study 18 , demonstrating that the feasibility of future glaucoma trials using visual field endpoints can be further improved by using a clustered testing paradigm to better estimate the difference in the rate of visual field loss between groups. Furthermore, a recent review 19 has also argued that evaluating the rate of visual field change as an outcome measure is clinically meaningful, on the basis of an accumulating body of evidence that has shown that the rate of visual field loss due to glaucoma -independent of the magnitude of visual field loss itself -is associated with functional disability [20] [21] [22] [23] [24] [25] [26] . The findings of this study can be generalized to other clinical trial designs based on their relevant needs, through understanding the principles of the clustered testing paradigm. Specifically, sample size requirements are Figure 3 . The sample size required to detect a 30% new treatment effect with 90% power for various median rates of visual field mean deviation (MD) change of the simulation cohort, using an evenly spaced testing paradigm.
SCiENTiFiC RepoRts | (2018) 8:4889 | DOI:10.1038/s41598-018-23220-w minimized when tests are equally allocated at each end of the observation period with this approach. Therefore, even though we have included only two tests during two intermediary visits in this study (on the basis that such a design would be suitable for evaluating the perimetric glaucoma eyes included in this study), the specific testing protocol can be modified on the basis of different needs. For instance, the intermediary visits could be modified to have three tests (rather than two) in order to improve the ability to detect progression at the individual level during these visits, at the expense of having one less test at each end of the observation period (which would increase the required sample size). Alternatively, a clinical trial may prefer to have a longer trial duration but maintain the same number of intermediary visits (and thus a longer follow-up interval) if participants at low-risk of progression (e.g. glaucoma suspects) were evaluated, or reduce the number of intermediary visits and allocate those tests to each end of the trial period to further reduce the sample size requirements.
In summary, this study demonstrates that a clustered visual field testing paradigm that includes follow-up visits during the observation period reduces sample size requirements by approximately 40% compared to a paradigm where the same number of tests are performed at regular intervals. This sample size reduction was achieved without compromising on the safety factor of detecting visual field progression early during the observation period, and can thus substantially improve the feasibility of future glaucoma clinical trials.
Methods
Participants. Participants included in this study were evaluated as part of a longitudinal study that was designed to investigate structural and functional damage in glaucoma. Institutional review board approval by the University of California, San Diego was obtained for this study, and it adhered with the Declaration of Helsinki and Health Insurance Portability and Accountability Act. Written informed consent was obtained from all the participants in this study following an explanation of all the test procedures.
At each visit, all participants underwent a comprehensive ophthalmologic examination including a medical history review, visual acuity measurements, visual field testing, slit-lamp biomicroscopy, ophthalmoscopic examination, intraocular pressure measurements, gonioscopy and stereoscopic optic disc photography. All participants were required to have open angles on gonioscopy, a best-corrected visual acuity of 20/40 or better, and be 18 years of age or older. Subjects were excluded if they presented any other ocular or systemic disease that could affect the optic nerve or the visual field.
This study included only glaucoma eyes with confirmed visual field damage at baseline and corresponding glaucomatous optic nerve damage as assessed by masked grading of the optic nerve appearance on stereophotographs using methods described previously 27 . Eyes were considered to have visual field damage if they had ≥ 3 consecutive abnormal visual field tests (defined as having a pattern standard deviation value at P < 0.05, or glaucoma hemifield test being outside normal limits) 28 , and only tests including and subsequent to the first of the three consecutive abnormal visual field tests were included in this study.
Visual Field Testing.
Visual field tests were performed using the 24-2 strategy with the Swedish Interactive Thresholding Algorithm on the Humphrey Field Analyzer II-i (Carl Zeiss Meditec, Inc., Dublin, CA, USA). Visual fields were evaluated for artifacts including eyelid or rim artifacts, inattention, fatigue or learning effects, improper fixation, or for any evidence that another disease other than glaucoma (e.g. homonymous hemianopia) was affecting the results; any tests with such artifacts were excluded from this study. Visual fields were considered unreliable and also excluded if > 33% fixation losses or false negative errors (with the exception for false negative errors when visual field MD was less than −12 dB), or > 15% false positive errors were recorded for a test. This study included only eyes with ≥ 6 eligible tests within a 3-year follow-up period to ensure that a sufficient number of tests were included for estimating the rate of visual field change 29 within a similar timeframe as evaluated in this study.
Data Analysis. This study used visual field data from the longitudinal cohort to extract frequencies and magnitudes of rates of visual field change in glaucomatous eyes followed over time under standard clinical care. In addition, the cohort was also used to extract information about visual field variability that could be used to simulate the progression scenarios necessary for sample size calculations. Sample size calculations were estimated by comparing the rate of visual field MD change over time between the two groups in a clinical trial using linear mixed models (LMMs), including random intercepts and random slopes to account for individual deviations when estimating a population-average change. We have recently demonstrated that such approach is much more powerful and results in vast reductions in sample size requirements for clinical trials as compared to event-based approaches such as Guided Progression Analysis (GPA; Carl Zeiss Meditec, Inc., Dublin, CA, USA) 18 .
To determine the sample size and power required for detecting a significant treatment effect under different scenarios, a computer simulation model was developed to reconstruct "real-world" visual field outcomes; this approach has been described recently 5 . In brief, the first step of developing this model was to estimate the range of rates of visual field MD change over time (or "signal") by performing ordinary least squares (OLS) linear regressions on MD values over time for all the individual eyes in this study. Visual field variability (or "noise") was then estimated by the residuals from the OLS model, which were obtained by subtracting the observed values from the OLS fitted values. The variability estimates were then grouped into 1-dB bins according to the fitted values. To reconstruct the "real-world" visual field MD at each time point, the "true" visual field MD at each time point was determined by the estimated MD slope and intercept for each eye. The "noise" component (or residuals) was then randomly selected based on the "true" MD rounded to the nearest 1-dB and added to the "true" MD value, and thus simulating "real-world" visual field test results; illustrations of this procedure are shown in Fig. 4 . Simulations were performed only for eyes that had an estimated baseline MD of ≥ −15 dB in order to exclude eyes that had advanced glaucomatous visual field damage. . Three different testing paradigms were investigated in this study that included the same number of tests (to enable fair comparisons between them):
1. Evenly Spaced Paradigm: for 16 tests to be evenly spaced over a 24-month period, testing was performed every 1.6 months, which would correspond to approximately every one and a half months in practice. 2. UKGTS Paradigm: testing was clustered at the beginning and end of the clinical trial period, with two tests performed at the 0 and 2 month visits, and at the 16, 18 and 24 month visits. One test was otherwise performed at the 4, 7, 10, 13, 20 and 22 month visits. 3. Clustered Paradigm: this paradigm is similar to the "wait-and-see" approach proposed in a previous study 6 where testing is clustered at the tail-ends of the trial, but includes testing at 8-month intervals to provide an opportunity for follow-up at regular intervals; this follow-up interval is consistent with clinical recommendations for glaucoma patients under treatment 30 . As such, 6 tests were performed at baseline and 24-months, in addition to two tests every 8-months during the follow-up.
The follow-up schemes of the three testing paradigms are illustrated in Fig. 5 .
Detecting Visual Field Progression in Individual Eyes. To determine whether each testing paradigm can allow visual field progression to be detected throughout the duration of the trial period, progression was evaluated by performing OLS linear regression analyses for each simulated eye at the different time points throughout the study. To ensure equivalency between the different testing paradigms, the specificities for the criterion used to define progression were matched. This was performed by generating 100 sequences of visual field results for each eye in the simulation cohort, assuming that the true MD slope of change was 0 dB/year for all eyes (i.e. that the eyes were in fact stable). We then obtained cut-offs for P-values for the OLS regression that ensured matched specificity. This also provided an opportunity to investigate the ability of each clinical testing paradigm to sensitively detect visual field progression over time, to ensure that the clustered paradigm would not significantly delay the detection of such progressive changes.
Simulated Treatment Effects and Sample Size
Estimates. This study evaluated the sample size requirements for clinical trials using the 3 different paradigms described above, for a trial scenario where a new Figure 4 . Illustrations of the method used to reconstruct "real-world" visual field mean deviation (MD) values using the United Kingdom Glaucoma Treatment Study (UKGTS; left) and clustered (right) testing paradigms. In each example, the "true" sensitivity at each time point was calculated using an estimated MD slope and intercept, before "noise" (or measurement variability) was added to each of these values. treatment was added to one of the two groups that were both under routine treatment with currently available therapies. Note that this approach requires larger sample sizes than the simple comparison of a new treatment versus placebo, due to the effect of routine treatment in reducing rates of progression. However, it is a more realistic scenario in view of the ethical concerns of using a placebo arm in future clinical trials in glaucoma. We investigated sample sizes necessary to detect treatment effects resulting in 20%, 30%, 40% or 50% reduction in mean rates of change with the new treatment.
The required sample size estimates were obtained by simulating 1000 sequences of clinical trials for each testing paradigm, which included between 10 to 1000 participants per group. During each simulated trial, eyes with different baseline and rate of MD change were randomly selected without replacement from the cohort of eligible eyes, and the same eyes were used in the two treatment arms, to match the participant characteristics of the two treatment groups (as performed in randomized clinical trials). For each simulated trial, the beneficial effect of the new treatment was evaluated using LMMs to determine the difference in rate of MD change over time between the treatment groups. The statistical significance of the new treatment effect was determined by examining the interaction between the treatment variable and time (in other words, determining whether there was a significant difference in the rate of MD change between the two groups), and a significance level of 5% for a two-tailed test was used. The estimate of the required sample size for each design was obtained by observing the sample size where a statistically significant beneficial treatment effect could be detected in 90% of the simulated sequences (or with 90% power) was determined.
Data Availability Statement. The datasets generated during and/or analysed during the current study are available from the corresponding author on reasonable request.
